ABSTRACT: Weanling crossbred pigs (Sus scrofa; 72 barrows and 72 gilts; BW = 7.4 ± 1.1 kg) were used to evaluate dietary supplemental trace mineral (Cu, Fe, Mn, and Zn) source (inorganic vs. organic) and deletion (0, 2, 4, and 6 wk preharvest) on growth performance, carcass characteristics, and pork quality. Pigs were blocked by BW, ancestry, and sex, and randomly allotted to 24 pens, and fed a diet containing either inorganic or organic trace minerals supplemented at the 1998 NRC requirement estimates for each of 5 BW phases from 7 to 120 kg (equivalent to 14, 14, 42, 28, and 42-d periods, respectively). Two pigs were removed from each pen at the end of Phase IV (BW = 82.6 ± 6.0 kg), and 2 other pigs were removed at the end of Phase V (BW = 128.0 ± 8.3 kg) for collection of various tissues and for determination of carcass characteristics and pork quality. On d 1, 15, and 29 of Phase V, 3 pens within each source of minerals were switched to a common diet without supplemental trace minerals, whereas the remaining 3 pens within each source of minerals were fed diets containing trace minerals throughout the Phase V period. This resulted in 4 groups within each mineral treatment, in which trace mineral supplementation was deleted for 6, 4, 2, or 0 wk of Phase V. Trace mineral source (inorganic vs. organic) did not affect ADG, ADFI, and G:F (773 vs. 778 g/d, 1,680 vs. 1,708 g/d, and 461 vs. 456 g/kg, respectively) during the fi rst 4 phases. During the mineral deletion period, ADG and G:F were not affected by the duration of trace mineral deletion, but ADFI increased when trace minerals were removed from the diet for 6 wk (6 vs. 0 wk, 3,393 vs. 3,163 g/d; P = 0.05). Hot carcass weight, cold carcass weight, carcass shrink, dressing percentage, LM area, 10th rib and midline average backfat, and carcass fat-free lean weight and percentage were not affected (P > 0.10) by the source of mineral or length of mineral deletion, but carcass length tended to decrease (P = 0.09) when time of trace mineral deletion increased. Increasing mineral deletion from 0 to 6 wk tended to reduce linearly (P = 0.08) Hunter a* scores on the day of carcass processing (24 h after slaughter), as well as 2 d after processing, and Hunter b* scores on d 2 and d 6 after processing. Results of this experiment indicate that use of organic trace minerals, rather than inorganic trace minerals, did not infl uence pig growth performance or carcass characteristics and quality; however, deletion of minerals during the last 6 wk before harvest increased ADFI and affected drip loss, some color scores of the LM, and carcass length.
INTRODUCTION
Traditionally, meeting trace mineral requirements has been achieved by the addition of simple inorganic salts. Under normal physiological conditions and at adequate intakes, only 5 to 15% of dietary Cu, Fe, and Zn are apparently absorbed, and absorption of Mn is even less (McDowell, 2003) . Because of relatively low absorption of those trace minerals, a high percentage of many trace minerals may be excreted into soil and water, which causes some potential environmental concerns (Kornegay and Vestergen, 2001) . Organic sources of trace minerals are often synthesized under the theory that they have better bioavailability compared with inorganic salts, but their effi cacy is largely unknown. Growth performance of pigs fed diets supplemented with organic minerals is not always different from that of pigs fed diets containing inorganic minerals (Creech et al., 2004; Martin et al., 2011) , but effects of mineral source on carcass characteristics and pork quality has not been investigated extensively.
Another strategy to reduce trace mineral excretion is deletion of the trace mineral supplement during the fi nishing period. It has been reported that supplemental trace minerals can be removed from swine diets for up to 35 d before slaughter, with no deleterious effects on performance, carcass characteristics, and pork quality (Mavromichalis et al., 1999; McGlone, 2000; Edmonds and Arentson, 2001 ). However, the effects of organic trace mineral deletion and gradient deletion periods during fi nishing on growth performance, carcass characteristics, and pork quality have not been evaluated.
Therefore, the fi rst objective of the current experiment was to compare effects of adding organic and inorganic Cu, Fe, Mn, and Zn to weanling, growing, and fi nishing diets on pig growth performance, carcass characteristics, and pork quality. A second objective was to determine effects of deleting the added Cu, Fe, Mn, and Zn from diets fed to pigs for 0, 2, 4, or 6 wk before harvest.
MATERIALS AND METHODS
The experimental use of animals and procedures for their management, the collection of tissues, and harvest procedures followed protocols approved by the Institutional Animal Care and Use Committee of the University of Kentucky.
Experimental Design and Treatments

Nursery to Growing Period (Phase I to IV).
This experiment used a total of 144 crossbred pigs [72 barrows and 72 gilts; Yorkshire × Duroc; (Yorkshire × Landrace) × Duroc; (Yorkshire × Duroc) × Chester White; (Yorkshire × Landrace × Duroc) × Chester White] weaned at 21 ± 3 d with an initial BW of 7.4 ± 1.1 kg. Pigs were blocked on the basis of sex, initial BW, and ancestry, and randomly assigned to 1 of 2 dietary treatments in a randomized complete block design. Each treatment consisted of 12 pens, each with 6 pigs (3 barrows and 3 gilts).
The pigs were housed in a temperature-controlled (average minimum and maximum temperature of 22 and 30°C, respectively) nursery building in 1.22 by 1.22 m, elevated, fl at-deck pens with rubber-coated, expanded metal fl oors for 28 d. Each pen was equipped with a 5-hole, stainless steel feeder and a nipple waterer. After 28 d, pigs were moved to a growing-fi nishing building and housed in 1.83-by 3.05-m pens in an environmentally-regulated room until harvest. Each pen had a 2-hole, stainless steel feeder and 2 nipple waterers. Pigs were allowed ad libitum access to feed and water during the entire experimental period. Pigs and feeders were weighed every 2 wk and at the end of each phase.
Pigs were fed a common corn (Zea mays L.)-soybean [Glycine max (L.) Merr.] meal diet that contained nutrients and energy according to NRC (1998) requirements for 5 BW categories from 7 to 120 kg (equivalent to 14, 14, 42, 28, and 42-d periods, respectively; Tables 1 and 2 ). The basal diet without trace mineral premix was mixed homogenously, and then trace mineral premix containing either inorganic (FeSO 4 •H 2 O, ZnO, CuSO 4 •5H 2 O, MnO) or organic trace minerals was added to the basal diet to obtain the different treatment diets. The organic trace minerals (Bioplex; Alltech Inc., Nicholasville KY) were chelated to soy protein hydrolysate by a proprietary process. Selenium was included as Na selenite at 0.3 mg/kg and I as Ca iodate at 1.0 mg/kg in both diets. Premixes for each BW category were individually blended with ground corn based on the trace mineral requirement estimate for that category. The analyzed mineral composition of the diets for each phase is presented in Table 3 along with the NRC (1998) requirements for Ca, P, Cu, Fe, Mn, and Zn.
Mineral Deletion of Finishing Period. At the end of Phase IV (BW = 82.6 ± 6.0 kg), 2 pigs (1 barrow and 1 gilt; the heaviest barrow outcome block and the lightest gilt outcome block, or vice versa, within each replicate) from each pen were removed and harvested for tissue collection. The remaining 96 pigs (4 pigs per pen) continued for the mineral deletion period. Three random pens from each treatment were switched to a basal diet without supplemental Fe, Cu, Mn, and Zn in 2-wk intervals. This resulted in 4 groups within each mineral treatment, in which trace mineral supplement was deleted for 6, 4, 2, or 0 wk of Phase V.
Animal Harvest and Carcass Measurements. On the day after the growth trial ended, 2 pigs (1 barrow and 1 gilt selected from outcome blocks closest to the mean pen weight within a replicate) per pen were selected and transported (32 km) to the University of Kentucky Meat Science Laboratory and rested for approximately 1 h before being harvested according to humane techniques by trained personnel. Carcass weights were recorded before chilling (1°C), and after a 24-h chill to determine moisture loss (shrink loss). Midline backfat measurements were taken at the fi rst rib, last rib, and last lumbar vertebrae from the left side of each carcass. Carcass length was measured from the anterior edge of the pubic symphysis to the recess of the fi rst rib. Based 6 Ingredient composition taken from NRC (1998). The analyzed mineral content of the diets is provided in Table 3 . The analyzed CP values for the inorganic and organic trace mineral diets for Phase III (16.5 and 17.3%, respectively), Phase IV (14.5 and 14.9%, respectively), and Phase V (14.1 and 14.2%, respectively) did not differ statistically.
on Institutional Meat Purchase Specifi cation (IMPS; USDA, 1995), loins (IMPS 410) from the left side of the carcass were removed and divided at the 10th rib (accounting for the ribs left on the carcass) for 10th rib fat thickness and LM area (LMA) using procedures described by NPPC (2000) . Dressing percentage and carcass fat-free lean weight and percentage were also calculated based on NPPC (2000).
Laboratory Analytical Methods
Diet Trace Mineral Analysis. Diet samples were fi nely ground with a coffee grinder (Proctor Silex E160B, Hamilton Beach Brands, Inc., Washington, NC). Samples were then digested with 70% trace metal nitric acid (Fisher Scientifi c, Fairlawn, NJ) in a pressurized microwave (MDS-2000, CEM Corporation, Matthews, NC), and initially diluted by a factor of 50. The samples were analyzed in duplicate for concentrations of Cu, Zn, Fe, and Mn using inductively coupled plasma (ICP) spectrophotometry (Method 985.01; AOAC, 1998) using a simultaneous ICP-optical emission spectrometry (Model Vista-mpx CCD; Varian, Palo Alto, CA) with aqueous Cu, Zn, Fe, and Mn standards (AccuStandard, New Haven, CT) and reference tissues (bovine liver; reference standard 1577c) with known mineral concentrations from the National Institute of Standards and Technology (Gaithersburg, MD).
Pork Quality Measurement pH Decline. Standard procedures similar to those described by NPPC (2000) were employed with slight modifi cation. Two 2.5-cm-thick chops were removed from the right M. longissimus lumborum between the 3rd and 4th lumbar vertebrae 45 min after stunning, and trimmed of subcutaneous fat, labeled, and stabilized in liquid nitrogen (-196°C) immediately, then put into a -80°C freezer before determination of the pH 45min . At 24 h postmortem and as carcasses were still hanging, two 2.5-cm-thick chops were collected to determine pH 24h . These chops were collected just posterior to the place where the previous 2 chops (pH 45min ) had been collected. For pH measurement, muscle samples were homogenized with 50 mL of deionized water using a homogenizer (Polytron PT 10-35; Kinematica, Luzernerstrasse, Switzerland) and pH values were determined using a pH meter (Accumet 50; Fisher Scientifi c, Fairlawn, NJ). The pH decline was calculated as the difference between pH 45min and pH 24h.
Shelf-Life Determination. At 24 h postmortem, loin samples were cut (2.54 cm thick M. longissimus dorsi) from the same lumbar section, placed in foam trays, and overwrapped in polyvinyl chloride (PVC) fi lm. Trays were placed under cool white fl uorescent lighting (1,300 Lux) at 4°C to simulate retail conditions. Objective color was measured through the PVC at 3 locations (a small mark was made at each location to ensure color was recorded at the same location) on d 0, 2, 4, and 6 (at approximately the same time each day). The L*, a*, and b* scores were determined using a colorimeter (HunterLab Miniscan XE Plus, D65/10°; Hunter Lab Associates, Reston, VA) standardized to a black and white tile overwrapped with PVC. Spectral refl ectance was determined every 10 nm over the 400 to 700 nm range. Drip Loss. Drip loss was determined by suspending an approximately 100-g Longissimus thorasis sample (performed in duplicate) from a hook, placing it in a plastic bag, and storing it (4°C) for 48 h. Samples were removed from the plastic bag, blotted dry with a paper towel, and then reweighed. Drip loss percentage was determined by [(initial weight -48 h weight)/initial weight] × 100.
Statistical Analysis
Data were analyzed using the GLM procedure (SAS Inst. Inc., Cary, NC). From weaning to 80 kg BW, the model included trace mineral source and block. During the trace mineral deletion period (80 to 120 kg), the model included block, mineral source, deletion period, and mineral source × deletion interaction. Orthogonal polynomials (coeffi cients derived from the SAS IML procedure) were used to determine the linear and quadratic effects of the duration of trace mineral deletion. The pen was the experimental unit for all analyses. When a pig was removed from the experimental analysis, the pen feed intake was adjusted based on a model that allocated feed relative to metabolic BW and relative to BW gain (Lindemann and Kim, 2007) . Signifi cance was declared at P < 0.05 and statistical tendencies noted at P < 0.10.
RESULTS
Diet Trace Mineral Analysis
From Phase I to IV, analyzed trace mineral concentrations in the diets were similar between the 2 treatments (inorganic vs. organic; Table 3 ). During the mineral deletion period (Phase V), the indigenous dietary Cu was 2.9 mg/kg diet, relatively close to the NRC (1998) requirement estimate (3.0 mg/kg in diet), whereas the indigenous Fe and Mn were 73.5 and 12.2 mg/kg diet, respectively, an amount exceeding the NRC (1998) requirement estimate (40 and 2 mg/kg diet, respectively). The indigenous dietary Zn was 19.3 mg/ kg, an amount less than the NRC (1998) requirement estimate (50 mg/kg in diet) for fi nishing pigs.
Growth Performance
Growth performance during the predeletion period (Table 4) was not affected by the source of trace mineral supplementation (P > 0.14 for BW, ADG, ADFI, and G:F for each phase and for Phase I to IV). During the mineral deletion period (Table 5) , ADG and G:F were not affected by the source and deletion times, and only the mean ADFI of pigs subjected to the 6-wk mineral deletion period differed from that of pigs on the nonmineral deletion treatment (3,393 vs. 3,163 g/d; P = 0.05).
Harvest Response
The BW of pigs harvested at the conclusion of Phase IV was not different between organic and inorganic trace mineral supplementation (83.1 vs. 82.3 kg). Likewise, no differences in harvest BW were observed between pigs harvested at the conclusion of Phase V regardless of the source of trace mineral supplementation (131.6 vs. 132.5 kg) or the duration of trace mineral deletion (131.2, 132.9, 131.6, 132.6 for 0, 2, 4, and 6 wk, respectively).
Carcass Characteristics
Harvest BW, HCW, cold carcass weight, shrink loss, dressing percentage, LMA, backfat at the 10th rib, average midline backfat, and carcass fat-free lean weight and lean percentage were not affected by the source of trace mineral supplementation and the duration of trace mineral deletion (Table 6 ). Carcass length tended to decrease linearly as the duration of mineral deletion increased (P = 0.09), and the carcass length of pigs from the control diet (supplied with trace mineral premix) tended to be greater than the 6-wk mineral deletion treatment (85.9 vs. 84.0 cm; P = 0.07).
Pork Quality
The pH 45min , pH 24h , and pH decline from 45 min to 24 h were not affected by the source of trace mineral supplementation or the duration of trace mineral deletion (Table 7 ). The 48-h drip loss appears to have been affected by the duration of trace mineral deletion. Pigs with mineral deletion for 6 wk had less drip loss than pigs fed the control diet (6.44 vs. 4.84%; P < 0.05) with no mineral deletion.
Shelf-life colors of loin chop, reported as Hunter L*, a*, and b* scores, are also shown in Table 7 . The L* scores (which indicate lightness) were not affected by the source of trace mineral or the duration of mineral deletion during the 6 d of measurement. For the a* scores, which indicate redness, after vacuum packing, the d 0 and d 2 a* scores decreased linearly (P = 0.08 and P < 0.05, respectively) with increased duration of mineral deletion; specifi cally, the a* scores from the 6-wk mineral deletion period had reduced values compared with the control diet at d 0 (9.5 vs. 10.0; P = 0.09) and at d 2 (11.3 vs. 12.1; P < 0.05). For b* scores (which indicate yellowness) after vacuum packaging, d 2 and d 6 scores tended to decrease linearly with increased duration of mineral deletion (P = 0.08); however, L*, a*, 3 Dressing percentage = (HCW/live weight) × 100. Hot carcass weight does not include head. 4 Main effect of mineral deletion, P = 0.09 linear.
5 0 vs. 6 wk deletion, P = 0.07. 6 Pooled data from the backfat measurement at the midline of the fi rst rib, last rib, and last lumbar vertebrae.
7 Calculated based on NPPC (2000). and b* scores were not affected by the different source of trace mineral supplementation.
DISCUSSION
The NRC nutrient estimates are considered the minimum requirement for pigs. In practice, trace minerals are generally supplemented at or above NRC requirement estimates without considering the indigenous source of trace minerals. In this way, the actual concentrations of trace minerals in the diet are generally greater than the requirement estimate of the trace minerals as stated by Martin et al. (2011) . In the current study, dietary trace mineral analysis indicated that the concentrations of Cu, Fe, and Mn in the basal diets without trace mineral premix were adequate to meet the requirement estimates for pig growth. The Mn concentration in the basal diet exceeded the NRC (1998) requirement estimate by at least 3-fold, and only the concentration of Zn in the basal diet was generally defi cient across all dietary phases. After removing the trace mineral premix in Phase V, the indigenous Mn and Fe concentrations were still greater than the actual requirement estimates, whereas Cu was marginal and Zn was potentially defi cient. As a result, the deletion diet in Phase V, to some extent, may actually have been simply a Zn-defi cient diet.
In the current study, growth performance of pigs fed organic trace minerals was not different from that of pigs fed inorganic minerals when supplemented at NRC (1998) requirement estimate levels from weaning to harvest. These observations are in agreement with Schiavon et al. (2000) and Creech et al. (2004) , who fed different sources (sulfate vs. proteinates) of trace minerals (Zn, Cu, Fe, and Mn) at 20 to 50% of NRC (1998) requirement estimates and observed similar growth performance in studies of varied time lengths. In additional studies where the concentration of trace mineral supplementation was at or below NRC (1998) requirement estimates, no improvement was observed from organic trace mineral supplementation compared with equivalent of inorganic trace mineral supplementation (Yu et al., 2000; van Heugten et al., 2003) . However, some investigators (Coffey et al., 1994; Zhou et al., 1994) reported that piglets fed diets containing increased concentrations of an organic trace mineral premix had better growth performance than pigs fed inorganic sources of trace minerals. In a recent study, 7 0 vs. 6 wk deletion, P = 0.09. 8 Main effect of mineral deletion, P = 0.08 linear. 9 Main effect of mineral deletion, P < 0.05 linear. Martin et al. (2011) supplemented trace minerals at NRC (1998) requirement estimate amounts from weaning to 35 d postweaning and observed that the overall ADG, ADFI, and G:F were not improved by organic trace mineral supplementation (Cu, Fe, Zn, Mn, and Se) compared with equivalent concentrations of inorganic trace minerals.
In agreement with previous studies, in which trace minerals (Cu, Fe, Mn, Zn, I, and Se) were deleted from the diet (Mavromichalis et al., 1999; McGlone, 2000; Shaw et al., 2002) , the overall growth performance during the trace mineral (Cu, Fe, Mn, and Zn) deletion period in our study was not affected by the length of trace mineral deletion time or by the source of trace mineral supplementation previously fed; however, pigs fed deletion diets for 6 wk consumed more feed than pigs fed the control diets (no trace mineral deletion).
Evaluation of organic minerals has mainly focused on growth performance, which is of primary interest to much of the industry; however, less research has focused on investigating effects of organic minerals on carcass characteristics and meat quality. In a recent chicken study, Aksu et al. (2011) reported that reduced concentrations of organic Cu, Zn, and Mn (Bioplex; Alltech Inc., Nicholasville, KY) in the diet had no effect on pH value of breast fi llets, but did affect the color of the fi llet. There are few reports from pig studies. Apple et al. (2004) indicated that 320 to 350 mg/kg supplemental organic Mn as a Mn-AA complex had no effect on meat quality in pigs, whereas Sawyer et al. (2007) demonstrated that 350 mg/kg supplemental Mn reduced color loss in pork chops on retail display and the improvement was greater when Mn was supplied as MnSO 4 than as a Mn-AA complex. Kim et al. (1997) and Mavromichalis et al. (1999) reported no effect on carcass traits when the trace mineral premix containing Cu, Fe, Mn, Zn, I, and Se was removed from diets for fi nishing pigs for up to 35 d before harvest. Shaw et al. (2002) reported that pigs fed diets from which the supplemented Cu, Fe, Zn, I, and Se were withdrawn 28 d before slaughter had similar dressing percentage, LMA, and backfat compared with pigs fed the control diet. In addition, Skinner et al. (1992) indicated that removing the trace mineral premix containing Cu, Fe, Mn, Zn, I, and Se from poultry diets from d 42 to 49 had no effect on dressing percentage or abdominal fat percentage at d 49. Deyhim and Teeter (1993) indicated that removing the trace mineral premix containing Cu, Fe, Mn, Zn, I, and Se from poultry diets from d 28 to 49 had no effect on dressing percentage, and breast and fat pad weight as a percentage of carcass weight at d 49. However, Shelton et al. (2004) reported negative effects, including increased 10th rib backfat and reduced carcass length, when the trace mineral premix containing Cu, Fe, Mn, Zn, I, and Se was removed from diets fed to pigs during the growing and fi nishing period (22 to 110 kg BW). In our study, carcass characteristics were not affected by the duration of trace mineral deletion with the exception that carcass length tended to decrease linearly as the time of trace mineral deletion increased, which was consistent with the observations by Shelton et al. (2004) . The backfat measures from the 10th rib and the average of the midline were not affected by mineral deletion in the current study, which may be due to differences in total deletion time or to the trace minerals deleted (i.e., I and Se were not deleted in the current study). Trace minerals are involved in bone growth and development (particularly Cu, Mn, and Zn; McDowell, 2003) ; therefore, the decreased trace minerals in the deletion diet compared with the control diet may not allow adequate bone growth, thereby decreasing the carcass length when compared with pigs fed the control diets. Kim et al. (1997) , Mavromichalis et al. (1999) , and Shelton et al. (2004) reported that removing the trace mineral premix containing Cu, Fe, Mn, Zn, I, and Se from the diets of growing and fi nishing pigs had no effect on pork quality (e.g., color, pH change, drip loss, cook loss, shear force). Tian et al. (2001) also reported no effect on pork quality when fi nishing pigs were fed diets with 50% of the NRC (1998) requirement estimate for Zn, Fe, Mn, Cu, I, and Se. The present results are consistent with their observations. Measures of pH at 45 min, pH at 24 h, and pH decline were not affected by the duration of trace mineral deletion, which is consistent with observations by Shelton et al. (2004) . However, in the current study, the 48-h drip loss was reduced with increased time of trace mineral deletion. A number of factors, including electrical conductivity, slaughter stress, the velocity and extent of pH drop, and temperature, can infl uence drip loss. With regard to the meat color measurement, Shelton et al. (2004) indicated that color scores at 24-h postmortem were not affected by trace mineral removal, and our study indicated similar results for the d 0 measurements of Hunter L* and b* scores. However, our study indicated that the a* score (which indicates redness) was affected by the trace mineral deletion before harvest, as were b* scores at d 2 and 6.
In conclusion, results of this experiment indicate that use of organic trace minerals (Fe, Zn, Cu, and Mn), rather than the inorganic trace minerals, when supplemented at NRC (1998) requirement estimate levels, did not infl uence pig growth performance, carcass characteristics, or pork quality either when fed for the entire nursery to fi nishing period or when they were removed from the diet for as long as 6 wk preslaughter. However, the deletion of trace minerals (either source) during the last 6 wk before harvest changed color scores of LM and decreased carcass length even with only 2 wk deletion. In practice, decisions to withdraw trace
